CHAMP, flying at an altitude of about 400 km, is the first of a new generation of satellites dedicated to Earth gravity field observation. The high-quality data have generated new gravity field models: EIGEN-1S in 2001, and EIGEN-2S more recently. The gravitational potential is decomposed into spherical harmonic coefficients and in this study we use the free air gravity anomalies reconstituted up to degree 60, at zero altitude. The anomalies for the Antarctic continent range from 357 to 65 mGal. We have modeled the gravity effect from the ice, the ocean and the bedrock, using a 666 km cut-off filter to simulate the resolution obtained by CHAMP. Computing the differences between this terrain effect and the CHAMP map provides a map of the Bouguer anomalies. Because of the dominant influence of the crust, we first used a crustal thickness model from seismology. This gives a map of the mantle Bouguer anomalies, the range of which is still large (between 3255 and 216 mGal) indicating imperfections in the crust model. By appealing to isostasy we then imposed the condition that this mantle Bouguer anomaly should vanish and therefore solve for a new resulting crustal thickness. This gravity-based crust model gives thicknesses from 8.5 to 42.6 km in the zone of interest. There is a good general agreement with seismological models, but our models shows more detail, particularly in the western part of the continent. These details are in agreement with geological studies. ß
Introduction
Until now, the EGM96 gravity model has provided the best complete global gravity ¢eld of the Earth. It is based on a compilation of all the available data [1] to derive a gravitational potential up to degree 120. This solution has already served as the basis for a global study over Antarctica [2] . Unfortunately this gravity database is not homogeneous, either in terms of quality or in terms of data distribution. Some zones are poorly sampled and required extensive interpolation, sometimes over huge areas. The launch of CHAMP therefore provides a unique opportunity to study the entire Antarctic territory with a uni-form, good-quality, homogeneous data set. In this study, we use the new gravity maps derived from CHAMP [3, 4] to estimate the crust thickness by using some simple models of the crust and mantle linked to isostasy. The results are compared to those obtained by previous methods.
The scienti¢c interest of Antarctica
Antarctica extends over an area of 14U10 6 km 2 , and is quasi-totally covered by a large ice cap (about 99%), whose thickness is up to 4800 m, with a mean of 2200 m. It is not, of course, an easy place for scienti¢c studies; working conditions are marginal at best and ground-based data surveys are barely feasible. Geological studies indicate that a large chain of mountains, the Transantarctic Mountains, divides the continent into two unequal parts, the East Antarctic block and the West Antarctic block. Their geographic location is shown in Fig. 1 . The eastern part is composed of old continental crust that is thick and relatively homogeneous. The western part results from several phases of more recent formation, and is composed of an assemblage of thinner micro-plates [5, 6] . The peninsula forms the third independent geological entity.
Such distinct areas are only weakly apparent in the surface morphology, mainly because of the presence of ice. The geodetic ERS1 satellite provides dense coverage and a high-resolution topographic map over the globe between 82 ‡N and 82 ‡S. The accuracy over the ice sheet is estimated to be within 1 m [7] . Due to the satellite inclination, however, latitudes over 82 ‡ are not seen by the instrument, thus resulting in a lack of data in the polar regions. The topographic surface is used to understand the ice dynamics, and it is therefore the most important interface to monitor for the temporal evolution of the ice, and to study its relations with climate change.
Despite progress in de¢ning the surface topography, the mass distribution underneath the surface has yet to be improved. This means not only the thickness of ice cap, but the top of the iceĉ rust interface as well. Evidently a misunderstanding of ice thickness will transfer into errors in the crustal topography. A study of the gravity ¢eld is of direct application to geological structures because it integrates the entire mass distribution. Ground gravity data are available, but they are mainly limited to the continental shore areas. Several airborne gravity surveys have also been successful (see [8] for example) and they could be used to study either ice thickness [9] , an important parameter for glaciological models, or variations in the crust thickness ([10^12] and many others). CHAMP data are now able to provide a much more complete view of subsurface densities. At this continental scale, the ice thickness is dominated by variations in the crust^ice interface depth that generates anomalies in the gravity ¢eld.
Gravity observations from space
The CHAMP satellite was launched in July 2000 and one of its main tasks was to produce a global map of the Earth's gravity ¢eld. The satellite position is measured by a GPS receiver, and non-gravitational accelerations^such as air drag or solar radiation pressure^are corrected using an on-board accelerometer [13, 14] .
This new technology provides for the ¢rst time a gravity ¢eld of high precision, high spatial resolution and almost complete global coverage. Furthermore, as the data are uniformly sampled, one can also expect the accuracy to be uniform everywhere; this is especially valuable for Antarctica where the gravity coverage needs to be improved. Up to now, the gravity ¢eld of these remote areas has been poorly constrained due to the lack of data. One approach to the problem has been to combine low-degree geopotential models, based on orbit perturbations, with a topographicî sostatic model [15] . Of course altimetric satellite data provide suitable geoid maps over the oceans, but continental regions do not bene¢t from these data. CHAMP was designed to achieve global Earth gravity ¢eld coe⁄cients up to mediumwavelength resolution that was not possible from orbit perturbations [16, 3] .
During its expected 5-year mission, the satellite will progressively fall towards Earth from an altitude of 470 km to one of 300 km. The altitude acts like a low-pass ¢lter on the gravity ¢eld perturbations. By stacking all the data and waiting for the end of the mission we can expect the most detailed map within the available spatial frequency range. The ¢rst results, however, are already promising and valuable information can be recovered from the long to medium spatial range (up to 333 km for a half wavelength).
Gravity study of Antarctica
We combine gravity observations from CHAMP with the theoretical gravity computed from model layers. This provides us with gravity anomalies that can be interpreted in terms of a subsurface mass distribution.
Free air anomalies from CHAMP
Combining data from GPS and the STAR accelerometer permits us to recover the gravity ¢eld. We deal with Earth's gravitational potential as a sum of spherical harmonics. For CHAMP, the potential is developed up to degree n = 120, which is the maximum resolvable degree. The wavelength corresponding to this maximum degree is 333 km and the formal limit of spatial resolution is thus 166 km (half a wavelength). As mentioned above, however, the satellite height results in a loss of sensitivity to the shorter wavelengths of the gravity ¢eld and there is signi¢cant attenuation starting at approximately 666 km (degree 60). The coe⁄cients of the spherical harmonics are linearly summed to compute the gravity anomalies at a reference height^the reference ellipsoid for instance. These gravity anomalies are of course free air gravity anomalies.
In this study, we use the 'EIGEN-2S' solution that consists in a satellite-only ¢eld model derived from 6 months of CHAMP data [4] . The free air anomaly map as seen by the satellite over Antarctica, from 390 ‡ to 365 ‡ South latitude, has values between 3126 and +116 mGal (1 mGal = 10 35 m/s 2 ). Anomalies of small size, approximately 200 km, are clearly visible, and are in principle compatible with the 120-degree truncation level discussed above. Nevertheless, one is suspicious of the reliability of these small features. The error degree variance spectrum for CHAMP (see ¢gure in [17] ) shows that beyond degree 75 the errors follow Kaula's law (an empirical relationship) and beyond this limit there is no reliable information in the satellite gravity ¢eld.
A direct comparison with the EGM96 gravitational potential con¢rms that CHAMP provides reliable coe⁄cients up to degree 60. A test on gravity anomalies di¡erences between EIGEN-1S and EMG96 by Reigber et al. [3] , shows that the CHAMP solution provides smaller RMS errors. Therefore, to be conservative, we chose to keep only degrees 0^60 when computing the free air anomalies from EIGEN-2S [4] ; this map is shown in Fig. 2a . To have an idea of the di¡erences with another gravity ¢eld, free air anomalies from a 'satellite-only' version of EGM96 are mapped in Fig. 2b . The discrepancies span between 336 mGal and 45 mGal, with a standard deviation of 8.7 mGal. In the plot of Fig. 3 , the curve of the di¡erence between EIGEN-2S and EGM96 crosses the curve of the power spectrum of EIGEN-2S around degree 62. It can be considered therefore that above degree 62 the error of EIGEN-2S is greater than the geopotential signal. In Table 1 , the mean cumulative errors of EIGEN-2S computed at degrees 10, 30, 50 and 70 are listed. Truncating the harmonics series at degree 60 leads to an error of about 3 mGal in the gravity anomalies. We now review all the variables that can produce changes in the Earth's gravity ¢eld, and estimate their accuracy in terms of gravity. We then compare the computed anomalies with those derived from the CHAMP data.
Parameters of the gravity model
The main parameters required to model the gravity e¡ect of the Antarctic mass distribution are the thickness of the ice sheet, the thickness of sea water, the topography and thickness of the crust, and the respective densities of each of these layers. 1. We chose the BEDMAP ice thickness model as our reference [9] as it is generally recognized to be the best available compilation. It is based on measurements taken over the past 50 years and reduced to a grid with a spatial resolution of 5 km. The authors estimate that the RMS error of the grid is about 150m (8% of the mean ice thickness), but the non-homogeneous data distribution does not result in good precision everywhere over the polar cap. There are as yet wide areas not covered in the model. 2. The thickness of sea water is mainly the depth of the open ocean, but water also exists underneath ice platforms clinging to the continent, i.e. the £oating ice shelves. These are areas where the bathymetry is poorly known, and where it can play a role for the local ocean circulation or for the tides. In our study, we used the Terrainbase model [18] . This is not a critical choice since we will focus on the Antarctic continent when interpreting the results. This model has been computed from the wellknown ETOPO5 [19] and it assimilates more high-quality source data in order to reduce problems in some areas. Unfortunately, no improvement in the topography of Antarctica was incorporated in the newest release. For example, there is no negative topography under the ice shelves as we may expect. This will be apparent in the ¢nal gravity anomaly map. 3. To estimate the bedrock topography, it su⁄ces to subtract the ice thickness from the surface topography; so for this purpose BEDMAP still provides the current best map [9] . The accuracy of this bedrock topography is of course related to the accuracy of the ice thickness; for our purpose we need to obtain a reliable depth to the ice^bedrock interface. 4. Several Earth crust models can be chosen from those provided by seismological data. A widely used model is CRUST2.0 [20] , given on a 2U2 degree grid and composed of 360 key 1D pro¢les. To compute the e¡ect of the crust on gravity, we used the 3SMAC [21] , a model based on inverting seismic wave velocities. Hence, CRUST2.0 is used to test the discrepancies between the two seismological models. We found a mean di¡erence of 0.27 km between them, and an RMS di¡erence of 4 km that can be taken as a ¢rst estimate of the model accuracy, realizing in practice that the maximum discrepancy can reach 10 km. If this seems a high value, we recall that neither of the above models is optimized for the Antarctic region^they are global models.
Method
In our computation, we can use either the crustal thickness or Moho depth. Generally, both are provided in the models. Because the bedrock topography is referenced to the ellipsoid, thanks to BEDMAP, it is unimportant whether we choose one or the other. The aim is to compute the spatial gravity contributions from all of the previous layers^the ice cap, the ocean and the crust. This will be the 'terrain gravity e¡ect'. Usually, it is computed with respect to the reference ellipsoid, but it can be evaluated at any desired altitude.
Because CHAMP provides free air anomalies from an altitude of 400 km, it is necessary to continue the data downward to the ellipsoid (rigorously, to an altitude of 4 km, just above the highest relief), by using the spherical harmonic expansion limited to degree 60. This height, even when added to the crustal thickness, is 10 or 20 times smaller than the 666 km wavelength which limits the anomaly accessible spectrum. Hence, the anomalies induced by the mass distribution can be computed by using a simple Bouguer's formula, that is:
where b k and t k are the density and thickness of the kth layer. Using this formula in our context, instead of a more sophisticated method (as used in [2] ) leads to a maximum error of 5%. The terrain gravity e¡ect, due to the mass distribution around and beneath the surface, is then computed in a manner that simulates the CHAMP altitude e¡ect, e¡ectively a low-pass ¢lter. Most of the terrain grids have a resolution greater than that of the satellite data, so since the CHAMP map is comprised of degrees up to 60, we chose to apply a 666 km wavelength low-pass ¢lter to our terrain gravity model. We use constant density values in each layer: 917 kg/m 3 for the ice, 1028 for sea water, 2800 for the crust, and 3300 for the mantle. To compensate for the vertical density variation due to snow accumulation over the ice cap, we removed 30 m from the ice thickness. In the ¢nal discussion, we return to the in£uence of these density choices on gravity variations.
Usually, the comparison between terrain e¡ect and free air anomalies shows coherent features, up to about 500 km wavelength, beyond which the topographic e¡ect is counterbalanced by variations in the crust thickness. The bottom limit of the crust, the Moho, is assumed to vary in depth to isostatically compensate the topography. As our maps are limited to wavelengths larger than 666 km, we can assume that all surface variations are compensated. This means ¢rst that no correlation is expected between topography and free air anomalies, and secondly, when comparing our model to CHAMP free air anomalies (CFAA), one must also use a crust thickness model. In the computation, the bottom of the mantle layer is limited to a constant depth, whose choice is of low importance because the mean mantle thickness value is removed.
2.4. Gravity anomalies and crustal thickness 2.4.1. Construction of gravity e¡ects and sensitivity First, we computed a simple terrain gravity effect (STGE) considering only the ice, the ocean and the bedrock topography. This e¡ect, plotted in Fig. 4a , varies between 3270 and 365 mGal. Second, we computed a more complete terrain gravity e¡ect (CTGE) that also includes the crust thickness variations (Fig. 4b) . The amplitudes of CTGE are between 3206 and 203 mGal. This is slightly weaker than STGE, but both terrain effects are four or ¢ve times larger than the CHAMP anomalies.
The STGE is dominated by bedrock topography; moreover, the correlation coe⁄cient between STGE and CFAA is only 0.2. In a crust that is isostatically compensated, this correlation coe⁄-cient should be zero because we should have removed uncompensated wavelengths by the ¢lter-ing process. Introducing lateral density variations in the model is one way to explain this persistent low correlation at wavelengths above 666 km. If one compares CFAA and CTGE, the correlation coe⁄cient is reduced to 0.08, meaning that the model corresponds poorly to observations. We infer that this low correlation must be a consequence of an incorrect crustal thickness in the model. Hence, we propose an alternative method for ¢nding the crustal variations, based on CHAMP gravity maps.
We estimate separately the individual contributions that can be distinguished in the model, for example there is a maximum e¡ect of 145 mGal due to the ice cap and a 234 mGal contribution due to the ocean water. It is not, of course, interesting to estimate the total e¡ect of the crust because it would dominate the other e¡ects^only its lateral variation plays a role. In fact, only the variations in the ice^crust and crust^mantle interface topographies are relevant, and also the estimate of their errors. For example we ¢nd that a 100 m error in the vertical position of ice^crust interface leads to a variation of 8 mGal in our gravity model.
Bouguer anomalies
The traditional approach consists in the computation of the di¡erence between observations and model: vg SBA = CFFA3STGE, referred to as the simple Bouguer anomaly (SBA), and vg MBA = CFFA3CTGE, referred to as the mantle Bouguer anomaly (MBA).
They are plotted as Fig. 5a and b, respectively. As expected, the SBA, which does not take into account the Moho topography, is strongly correlated with the model because the topography of the crust^mantle interface is not included in the computation. These anomalies are positive over the ocean area and negative over the continent. There is a notable di¡erence between the East Antarctic, where values can be very negative, down to 3300 mGal, and the West Antarctic part where the values are less negative. This is consistent with a thicker crust in the east, forming a compact block, and a thinner crust in the west, formed by the aggregation of several micro-plates. The Ronne Ice Shelf and Ross Ice Shelf are both visible, with anomalies around 330 mGal. Recall that the Terrainbase model does not consider ocean water under the platform of ice.
The MBA shows values between 3255 mGal and 216 mGal, slightly less than the SBA in magnitude. The negative values are interpreted as a mass de¢cit that can be caused by a lower densitŷ due to the presence of sediments, for instanceŵ hile the positive values result from an excess of mass^associated with a crust thinner than the model in use.
Crust thickness estimation
Assuming that the MBA is entirely due to crustal thickness variations, it is possible to compute the crustal thickness by simply inverting Eq. 1. This provides spatial variations of the Moho depth alone, so this must be vertically adjusted to estimate absolute values. We do this using an average value obtained from seismological data in Antarctica. The ¢nal crustal thickness is mapped in Fig. 6 . The range is between 8.5 km and 42.6 km, which is slightly less than the crustal varia- tions from the 3SMAC model [21] , which shows thicknesses between 7.3 km and 49.2 km. Models from seismology are based on the inversion of seismic data using raytracing. One possible limitation of the 3SMAC model is the need for at least one ray in each cellular grid. Any lack of data could lead, as in this situation, to an overestimate of the thickness variations, apparent in the 3SMAC model. Crustal thicknesses from this model are plotted in Fig. 7 . It is also clear that models from seismology have a lower resolution than those from gravimetry [22] , due primarily to the lack of spatial distribution of the receivers. The estimated crust thickness from CHAMP nevertheless reveals features close to 3SMAC results in the western part of the continent, with a large area showing a thicker crust in the center and in the north. In the eastern part of Antarctica, the 3SMAC results yield a homogeneous continental crust, thinning slowly towards the ocean margin. By comparison our model shows several smaller structures, in better agreement with geological data for the region. The two big ice shelves seem to be overlying a thin lower crust. This may partly be due to the omission of low-density ocean water under the ice, but it may also re£ect the actual situation.
Discussion

Ice thickness
From the glaciologist's point of view, there is a bene¢t that will be provided by the new CHAMP data^the ice thickness over Antarctica. This parameter is well determined for some areas where there are borehole sites, seismic pro¢les, airborne gravimetry or radio echo sounding. Thanks to altimetry, the surface topography is mapped with a high level of precision [7] . But we have been lacking a systematic data set for ¢nding the underneath ice^crust interface depth. Present thicknesses all come from dedicated special studies, con¢ned to spatial areas of interest. Due to the access facilities, they are mainly located around the continental margins, but there are also some pro¢les penetrating into the central regions (see [9] for the distribution of the data). In some areas, the accuracy of the ice thickness measurements is very good: for instance in Terre Adelie. Nevertheless the ice thickness has been interpolated over huge regions where the accuracy decreases dramatically^sometimes no better than þ 500 m. Recall that a mismodeling of 100 m in the ice^crust interface generates about 8 mGal in the gravity anomalies. Compared to the values currently encountered in the anomaly maps, even a 500 m error would not be easily detected. And except if another source of information is used, it would be impossible to decide if it is generated by ice or crust. On the other hand, a wrong assignment of 40 mGal to the crust thickness would lead to a 2 km misinterpretation on the position of the crust^mantle interface.
Crustal thickness as seen by gravimetry
Although we have assumed a constant density within each layer of the model, we show quantitatively that the discrepancies observed between CFAA and CTGE result from poor knowledge of the crustal thickness. The crustal e¡ect dominates the other parts of the model, so that it is legitimate to transform the gravity map into one that shows crustal thickness variations. Satellitebased gravimetry provides a complete coverage of the Antarctic area, with uniform precision and accuracy, and without the survey inconsistencies and other di⁄culties that ground-based ¢eld surveys must face.
The discrepancy between the 3SMAC crust thickness [21] and the one we computed from the gravity is at the level of 4 km RMS. This is slightly higher if one uses the CRUST2.0 model [20] instead of 3SMAC, giving an RMS of 4.5 km and with a maximum discrepancy of 11 km. Similar values are found when the two seismic models are inter-compared. The generally good agreement with the crustal models from seismology tends to validate our results. The actual resolution is limited to degree 60 (333 km half-wavelength), but further improvement is expected with more data. The CHAMP mission will continue until 2005 and the altitude of the satellite decreases about 1.5 km each month. The lower the satellite altitude, the better the resolution; the data stacking will also improve the precision proportionally as the square root of the time elapsed since the launching.
Satellite gravimetry is thus a natural and e⁄-cient new tool for studies of Antarctica. Global crustal models based on seismological data need dense station coverage in order to resolve details of the Earth's interior^a minimum of one source-receiver ray per cellular grid. In Antarctica, ground-based data are obviously less numerous, leading to lower resolution. We ¢nd that models 3SMAC or CRUST2.0 cannot see some of the crustal details in West Antarctica that we are able to resolve from inversion of the CHAMP gravity ¢eld. Blocks of Marie Byrd Land, Ellsworth^Whitmore Mountains and Antarctic Peninsula as described in [5] can be distinguished by CHAMP (Fig. 6 ), but not by the seismological models (Fig. 7) .
E¡ect of density variations
We return to the possible role of the densities of the layers in our models. As far as ice and sea water are concerned, the lateral density variations are con¢ned to a narrow range of realistic values, and these can be neglected compared to other contributions. For crustal rocks, samples or seismic studies show a mean density of 2400 kg/m 3 for sediments and 2900 kg/m 3 for basalts, gneiss, etc. (see [6, 11, 23] ). Since the Antarctic crust is mainly composed of basement rocks, our choice of 2800 kg/m 3 is realistic and in agreement with the seismology [24] . But inside the continent, density variations lead to a signi¢cant correlation between the actual crustal density and the crust thickness when attempting to retrieve the latter. A reliable choice of density values is obviously important, even for geodesy studies [25] . To constrain the variations of density, inverse theory can be applied to gravity anomalies in a joint solution for seismic travel times [26] .
Here, we present an attempt to estimate the e¡ective density variations. We follow the same principle as for the estimation of the crustal thickness, i.e. a density value for the crust is computed by assuming that the MBAs are entirely due to density variations. The 3SMAC crust model serves as an input in the calculation. The aim is not to obtain a fully realistic interpretation, but to estimate the possible e¡ect of a poor density assumption and to evaluate the robustness of our previous models.
When we plot the map of the computed density (see Fig. 8) , a similarity appears with the MBAs. Except in a few restricted areas, almost the whole of the Antarctic continent has the same value, between 2800 and 2900 kg/m 3 . This con¢rms that our previous choice of 2800 kg/m 3 is suitable. On the other hand, the density does not need to change a lot to produce gravity anomalies. Recall that the low 0.2 correlation coe⁄cient we found between CFAA and STGE is likely to result from sources other than those due to isostatic compensation, and may also come from spatial density variations. Around the borders of the continent, the density decreases by about 100 kg/m 3 . This may re£ect the presence of sediments that are already recognized in geological studies. In return, there is no correlation between density and crustal thickness, although there is an equivalence law (the usual correlation) between these two parameters. A thinner crust, for example, generates a mass excess that can also be interpreted as an increase of the density. It seems that some features are better interpreted by one assumption than the other, and that a sort of spatial de-correlation is possible. However, geological information is essential to con¢rm the interpretation of features that come from gravity data, and to help separate the two e¡ects when ambiguities persist.
We test a simple density variation model to improve the CTGE computation. The area is divided into two parts : the continental homogeneous one, which has a density of 2840 kg/m 3 , and the remainder, which has one of 2695 kg/m 3 . The Terrainbase model [18] is used to separate these two zones, and the chosen densities are found by computing the mean density from our previous density map over each area. This simple model shows a large in£uence on CTGE, because it leads to a correlation coe⁄cient equal to 0.25^instead of the 0.08 previous value^when we replace the constant 2800 kg/m 3 density by this zonal density.
Focus on local geological features
Now, it is possible to interpret our crust thickness map. We chose to investigate at the Wilkes Basin zone because it is a large basin, marked in the bedrock topography and parallel to the main geological feature, the Transantarctic Mountains. Previous authors have proposed a £exural uplift scenario for the formation of the mountains [23] , with a resulting low over the £exure that is Wilkes Basin. Geological interpretation suggests an extended crust in this region, and previous studies clearly detected a thinning of the crust associated with the topographic depression [11] . Our model of crustal thickness indicates a thinning of the crust in this zone over an area 200^600 km wide. We therefore compute, around the latitude of 374 ‡S, the mean crust thickness over three di¡erent areas. The ¢rst, from 126 ‡E to 139 ‡E, has a thickness of 37.5 km. The central zone, corresponding to Wilkes Basin between 144 ‡E and 152 ‡E, is thinner, only 35.6 km. And the third part, near 155 ‡E and corresponding to the Transantarctic Mountains, again has a 37.5 km thickness. A previous joint gravity/magnetic study of the region gives respectively 34^37 km, 31^34 km and 34^37 km for each of these regions [11] . Crustal thickness variations derived from CHAMP are therefore a little weaker, but still apparent. Computations with the 3SMAC model give a constant value of 40 km over the whole zone, because of the lower resolution of the seismological models. The Wilkes basin furrow can be seen on our crust map as a slightly thinner feature.
Of course, other potential sources may generate gravity anomalies. They could come from within or beneath the crust, like variations in the mantle density. But given the uncertainties on the classical parameters^the ice^crust and crust^mantle interface, the spatial variations of the density of the crust^and also on the CHAMP gravity map, it is a delicate issue to involve the presence of deeper structures.
Conclusion
The CHAMP mission opens real opportunities for gravimetric studies of remote regions. When surface or airborne data are lacking, it can provide an excellent complement, better than any ground spatial interpolation scheme. This can be seen as an inter-validation of the gravity maps over averaged cells that take into account the lower resolution of CHAMP, due to its altitude. It has been shown in this study that satellite gravimetry is able to see features up to a spatial resolution of 333 km.
Because of the importance of Moho depth variations on the anomaly map, and particularly due to the errors, the modeling of terrain gravity e¡ect does not allow us to extract precise information about ice thickness. The model is seriously affected by errors in the depth of the ice^crust interface. This plays an important role in glaciology, where it is an input to the glacier models, permitting the evaluation of ice £ow, friction at the base of the ice, and the overall evolution of the ice cap. This study will be possible with CHAMP for the lower degrees only, and also with the GRACE mission because the crust does not have temporal variations during the 5 years of the satellite's life [27] . GRACE is dedicated primarily to the study of geophysical £uids. For studies of the static gravity ¢eld, GOCE will be launched in a few years, and it is expected to improve the precision and the resolution by at least one order of magnitude. Nonetheless, the ice/crust spatial variations will still be masked by inaccuracies in the crustal model. To obtain such accurate information, we may have to wait for the Icesat satellite just launched in January 2003 [28] , and future missions.
In this study, we use the map of free air anomalies derived from CHAMP data, and we compute the sum of gravity e¡ects generated by the ice cap, sea water and crust. The Bouguer anomalies are strong, even if Moho depth variations are taken into account in the model. There is still a weak 0.2 correlation coe⁄cient between the simple terrain e¡ect^without crust thickness variations^and CHAMP free air anomalies. Because all maps are 666 km low-pass ¢ltered, this correlation implies phenomena other than isostatic compensation. Lateral density variations may be one explanation.
The correlation coe⁄cient between the complete terrain e¡ect and the CHAMP free air anomalies is only 0.08, meaning that our 'best' model is far from real observations. This is due to a poor modeling of the crustal thickness. Compared to our estimate found by an inversion assuming that the Bouguer anomaly is due to crustal thickness variations, the seismological model presents stronger variations and a coarser resolution.
It has thus been shown here that CHAMP provides good-quality data for Antarctica, with a complete and dense coverage that is validated for studies of mass distribution. The dominant signal comes from the crust, and the estimate of crustal thickness variations is consistent with other studies and geological data. Seismological models could bene¢t from these gravimetric observations in other regions where data are lacking, for example using a joint seismological^gravimetric data inversion process. Further improvements to the CHAMP gravity ¢eld, when more observations will be available, and when the satellite altitude will be lower, are anticipated.
